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ABSTRACT 

/( 

\s) 

The optlmlssetlon of m electric vehicle layout requires a weight distribution in 
the range of 53/47 to 62/38 in order to assure dynamle handling characteristics 
comparable to current production Internol combustion engine vehicles. It is possible 
to achieve this goal and also provide passenger and cargo space comparable to a 
selected current production sub-compact car either In a unique now design or by 
utilizing the prod«<^tlon vr'hicle as a base, Necessary modification of the base vehicle 
can be accomplished without major modification of the structure or running gear. As 
long os batteries are as heavy and require as much space Ik they currently do, they )) 
must be divided into two packages - one at front under the hood and a second at the 
rear under the cargo area - in order to achieve tlie desired weight distribution, The 
weight distribution criteria requires tim placement of batteries at tlm front of the 
vehicle even wlien the central, tunnel is used for the location of some batteries. The 
optimum layout has a front motor and front wheel drive. This configuration provides 
the optimum vehicle dynamic handling characteristics and the maximum passenger and 
cargo space for a given size vehicle. ^ s. 
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SUMMARY 


This report covera a design stu«fy andi^lated technical analysis that establishes 
the optimum vehicle configuration and component locations for an electric dt-ive vehicle 
based on using the basic structure and running gear of a ourrcnt produetlOT sub-compact 
Internal combustion engine vehicle. The optimiiscd layout retains vehicle dynamic 
handling characteristics, passenger space and cargo area comparable to tlio base vehicle 

Tlie base vehicle selected was a Dod^<i<' Omni. It provided tlte maximum space 
for batteries and optimum passenger space for a vehicle of this sl«e. l>rlmary studies 
used J8 Globe-Union EV2-13 Icad-acld type batteries as used In the ETY-1. 


Proper weight distribution was established as the single most Important factor 
fw achieving dynam|c liandllng characteristic^ comparable to the base Internal combus- 
tion engine vehicle (IGEV). ;:>A target value of 58/42 front/rear distribution was 
established although current practice indicates that a range of front weight bias from 
53 to 62 would be acceptable with proper suspensi^ tuning. Althougli the Omni base 
vehicle is at the high end of the range, the final optimum electric vehicle layout was 
at tlie minimum end in order to keep front wheel loads from being excessive for 
steerii^' effort. This compromise is necessary as long os batteries constitute such a 
large proportion of vehicle weight. This electric vehicle package for example weiglis 
approximately 50% more (3000 vs 2000 lbs.) than the IGEV, a 


The recommended optimum layout places six batteries at the front of the vehicle 
under the hood and 12 at the rear under the cargo compartment The electric 

motor, transmission/differential, and contWl elements are also at the froht under this 
hood. The front motor/front wheel drive configuration was selected because it provides 
superior traction, better directional stability and maximum passenger space for a given 
vehicle size package. Other combinations of motor and drive locations were studied 
but did not offer the optimum combination of characteristics provided by the recom- 
mended layout. 

Several alternate battery types currently under development were also studied. 
Development is aimed at increasing energy density for Impipved performance - primarily 
range. Most of the module (individual battery) sizes currently proposed f^r these types 


vlil 


o 


m more dlMlcult to peokage wHlcularly If constant totel battery weigbl Is used, 
Present lead-acid battery module slase appears optimum for vehicle packaging, It was 
also established that the space available for battfey mounting In the ?)mnl Is 
maximum to be anticipated In this size (sub-compactl Par„ By ebmpromi«)jg between 
energy gain and weight saving It was shown that one promising type (hldc^-zlnc) could 
be packaged satisfactorily and stlU achieve a 67% gain in watthpurs or mol4 significantly 
a 66% gain of WH/lb, of vehicle weight. 


Dynamic simulation tests were conducted to verify^ that the recommended layout 
performed In a manner generally similar to the base vehicle, 


Detafled Installation studies werilj conducted to verify that the recommended 
battery packs could be mounted In tlie locations indicated without si^iflcantly changing 
the structure of the base vehicle, Necessary changes to the stihcture, suspension and 
control components of the base vehicle to accommodate the additional weight of the 
electric drive components were also analyzed and specified, A mock-up was also 


constructed to verify the optiiplir^ installation in three-^Jimerslynal form, 

■ T' V 

In conSiusion, it was dein4nsti|ated that Current electric vehicle drive components 
can be installed in a current qroduMon ICE base vehicle without requiring significant 
changes and that the ''dynamic handling characteristics and passenger and Mrgo space 
of the base vehicle can be rcmlned. Specifically, there is A viable alternative to the 
central tunnel ns a location iter the propulsion batteri^ In an electric vehicle (EV) of 
this type. c 
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1 INTRODUCTION 

\' 

The realization that petroleum fuel will continue to be both scarce and expensive 
had led to renewed Interest In the electric drive vehicle. The Congress of the United 
States has authorized a ??*:ogram, under the direction of the Department of Energy, to 
expedite development and encourage use of electric vehicles. The Program Manager 
f<ir the vehicle portion of this program is the Jet Propulsion Laboratory of the California 
Institute of Technology. They ore currently directing analytical and design studies 
aimed at establishing guidelines for vehicle characteristics to insure that electric 
vehicles (EV) have dynamic handling characteristics and posscpger/cargo accommodations 
comparable to current Internal combustion engine vehicles (ICEV). 

This report documents a study, under the direction of JPL, covering the evaluation 
and selection of components ond their location in an electric vehicle in a more nearly 
optimum manner. Four spccfl^Ic tasks are covered? 

0 Alternate Bnt|;ery Locations o 

Studies consider locations other than the typical tunnel installation on the 
centerUne of the vehicle. Effects of batteries In front, rear, front and 
rear and under the seats are investigated. Requirements of wheelbase, 
front and rear overhang and passenger packaging are established. 

0 Effect of Battery Shape 

The effect that battery shape, physical dimensions and number of batteries 
have in vehicle packaging are studied and evaluated, 

0 Dynamic and Static Analysis = " 

Static and dynamic analyses are performed to verify that the proposals 
resulting from the previous studies are acceptable for satisfactory vehicle 
handling parameters such as directional stability and cornering. 
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2 TECHNICAL DISCUSSION 

tr" 

2.1 Alternate Battery Locations 

o 

The optimum location for batteries In an electric drive vehicle is primarily 

0 

influenced by the following factors: 


o Type of vehicle - 2 or 4 passenger - truck 
0 Size of vehicle 

o Type, size and weight of battery 

o Number of batteries required to provide the desired performance level 


In dfdCT to develop an optimum package for the electric drive cdrssponents of an 
automotive vehicie it is therefore necessary to establish specifications for the above 
factors. These were established in a meeting with the JPL technical manager as follows: 


o The vehicle is a four passenger car with seating and cargo space equivalent 
to current 0. S. built internal combustion engine sub-compact vehicles. 
(Wheelbase range of 90 - 100 in.) Handling performance vvill also be 
comparable to these vehicles. 

o The battery is the Globe-Union EV2-13 lead-acid golf cart type used in the 
ETV-1 vehicle built for the Dfepartihent of Energy by G. E./Chrysler. Each 
battery weighs 60 lbs. and the package size dimensions are: 

Length 10.25 in. 

Width 7.00 in. 

Height 10.75 in. ^ 

o The number of t^teries to be used is 18 which is the same number provided 
in the ETV-1. 
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Tlw only U, S» bulU vohlolcs ourrontly mooting the oIko eritorl^ltei 

I 0 Ghovrolot Chovotto 

0 Dodgo Omnl/Plymouth Horizon 

o 

0 Ford Pliito/Moroury Boboat 

{.) ” '' 

Fortlnont sjxjolfioatlons for tboso vebloloa aro shown on TABbE 1, 

AMlysls of thesQ spoolfl cations plus an oxamlnatloit of tlm vchiolos led to the 
soleotlon of the Omni for the base vehiole for this program. The prlnolple reasons for 
this decisloit aret 

0 Both passenger space and cargo volume are better, This difference is very 
obvious when sitting In the vehicles. It is partially tlm result of the absence 

® ii 

of a drive shaft elearanee tunnel down the center of the velilole which is 
not apparent from the dimensional, dlffereneos. The absence of the tunnel 
is of course the result of using front wheel drive with a front mounted 
plant. “ " 

0 The wider tread of the Omni (approximately 5*') vs Chevette provides signif** 
Icantly greater room and more flexibility for tlm placement of batteries, 
0 The front engine/front wheel drive confignratlon provides superior traction, 
^ better directional stability and maximum passenger space for a given vehicle 

si¥se package. 

0 Tlie front englne/front wheel drive configuration (Omni conflgiu'atlon) Is being 
atlopted for most new small vetilcle desigm worldwide. It therefore seems 
appropriate to use tl^ls latest type layout as the base fdr this eleotric vehicle 
study, ^ j) 

Additional specifications describing the Omni are shown on TABbE 2, 


TABLE 1 

VEHICLE SPECIFICATIONS 
SUB-COMPACT SIZE U.% BUILT MODELS 

CHEVETTE OMNI PINTO 


Body 

2-D Hatchback* 

4-D Hatchback 

2-D Hatchback 

Paiiehger Capacity 

4 

4 

4 

Engine Location 

Front 

Front (lYnnsverse) 

Front 

Drive 

Rear 

Front 

Rear 

Wheelbase 

94.3 In. 

99.2^n. 

94.5 In. 

Tread Front 

51.2 

56.1, 

55.0 

Tread - Rear 

51.2 

55.6 

55,8 

Imngth 

159.7 

164.8 

170.8 

Width 

61.8 

65.8 

69.4 

Height 

52,3 

53,5 ^ 

50.5 

Front ijcgroom 

41.5 

42.0 

40.2 

Front Headroom 

38.1 

38.3 

36,9 

Front Shoplder Room 

50.1 

51.7 

52.5 

Fr^ Hip Room 

49.9 

52.6 

51.6 

Rear ^fopm 

30,6 

33.0 

30.3 

Rear Headrwm\ I 

37.3 

37.4 

35.7 

Rear Slioulder Room 

49,3 

W51.5 

50.5 

Rear Hip Room 

48.8 

46.4 

41.3 

Cargo Volume 

26.3 cu. ft. 

33.9 cu.ft. 

29.0 cu, ft. 

Curb Weight 

2026 lbs. 

2154 lbs. 

2529 lbs. 

Front 

1091 (53.8%) 

1340 (62,2%) 

1382 (54.6%) 

Rear 

935 

814 

1147 


Data from 1980 MVMA Specifications. 


♦Ghevette also makes a 4-D. The 2-D was selected because it had been used 
in a previous D.O.E. study, « 
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TABI^E 2 

BASE VEHICLE SPECIFICATIONS ' 
DODGE OMNI 4-Dr. HATCHBACK SEDAN 


Wheelbase ,, 

' o 

Fuel Capacity 
Engine 

Horspeower 

Torque (lb. ft.) i 

6 

Suspension “ 

Front 

Rear 

Brakes 
Front • 

Rear 

Tires 


99.2 In. 

13,0 Gal. 

4jjCyl. - 1,7 Litre 
65 
85 

MacPherson - Type 
Independent 

,/ Trailing Arm/Strut 
Independent 

Disc 

o 

Drum I 

P155/80R13 


Source: Omni Brochure and MVMA Specifications 
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The most Important single factor In achieving handling characteristics for the EV 
comparable to the lat^t ICEV is correct vveigitt distribution. Proper matching of the 
suspension system and tires is also extremely Important but the extent to which these 
components can compensate for poor weight distribution is limited. Suspension tailoring 
simuld be reserved to optimiise the handling characteristics of a vehicle which has been 
designed with inherently good weight distribution. The fundamentals of this weight 
distribution criteria hove been presented in a previous complimentary report| by MQA 
Research Corporation on the subject of electric vehicle handling. This study emphatically 
points out the desirability of a front-heavy weight distribution. The Conclusions (p, 
134)* state, "A most significant finding resulting from this study concerns the Importance 
of maintaining a front heavy weight distribution on electric vehicles ..... Results 
consistently indicate that vehicles with a front-heavy weight distribution can tolerate 
a wide latitude of moss and yaw moment of inertia Increases without severly compromising 
handling quaKdes." 

Curb weigIR distribution of the Omni is 62.2/37.8. Eront/Rear weight distributions 
beyond 55/45 were not covered in the MCA report. However, the MGA percentages 
were based on sprung weigiR and a 2 passenger load, Revising the Omni distribution 
to a comparable condition changed the distribution to 61.1/38,9. Althouglt the Omni 
provides very good handling characteristics it was decided to target the electric vehicle 
optimum curb weight distribution at a nominal 58/42 front/rear in order to provide some 
latitude for variation in a particular design. It is recognized that front engine/froiR 
wheel drive inherently produces the heavier front distribution of the Omni and this 
weiglR bias is typical of this type of vehicle layout. Although handling characteristics 
are slightly different, when properly designed, modern front drive vehicles haW' very 
good handlir^ characteristics. Total weiglR on the front wheels of course must be 
limited because of the steering effort which makes this layout most appropriate for 
small light vehicles. ^ 

IVeights of the electric drive components as supplied by JPL are shown on TABLE 
3. The weights of the corresponding internal combustion engine components are shown 
on TABLE 4. They were obtained from an analysis** conducted by Pioneer Engineering 
for the Department of Transportatiw. Locations of tlie componeiRs were determined 
from a quarter-size vehicle layout supplied by the Clirysler Corporation and are |hown o 
in FIG. 1. Base vehicle weight distribution was established as shown on TAPiLE 5. 

*An Analytical Study of Electric Vehicle Handling Dynamics, MGA Research 
Corporation No. G8006, JPL Contract No. 955312, 

♦♦Weigivt Study 1978 Chrysler Omni, DOT-TSC1045. 
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TABLE 3 


W 


ELECTRIC DRIVE COMPONENT WEIGHTS - LBS. 


Motor System: 

Motor 

Misc. Drive Components 


Transmission/Differential: 


o217 I|>s. 

20 lbs. 

757 IBs: 


237 lbs. 


48 lbs. 


Controller (microprocessor): 


8 lbs. 


Speed Control System: 

Power Conditioning Unit 97 lbs. 

Misc. Power Components.. 14 lbs. 

OnTBo^pd Charger 6 lbs. 

ll7 lbs. 

Batteries: 

TOTAL: 


117 lbs. 


1080 lbs. 
1490 lbs. 


TABLE 4 

BASE VEHCILE WEIGHTS - LBS. 
INTERNAL COMBUSTION ENGINE COMPONENTS 


Base Engine 
Engine Accessories 
Engine Electrical 
Transaxle 

Clutch Pedal <!c Linkage 
Exhaust System 
Fuel System 
Engine Oil 
Transmission Oil 
Coolant Fluid 
Gasoline 

TOTAL 

Spare Tire (Removed because 
relocation required) 


194.40 

54.27 
39.10 

80.28 
1.29 

26.42 

18.42 
6.10 
2.40 

13.29 

78.52 

514.49 

27.63" 


542.12 


0 


(/ 


' ° TABtE 5 

BASE VEHICLE WEIGHT DISTRIBUTION - LBS. 




FRONT 

REAR 

TOTAL 

Omni Curb Weight 


1340 

814 

2154 

Lesst 





Power Plant 


396 

(30) 

366 

Radiator 


29 

(4) 

a 

25 

Exlmust System 


7 

19 

26 

Fuel System 


19 

78 

97 

Spore Tire 

] 

(3) 

31 

28 


448 

94 

542 



82.6% 

17.4% 


Base Vehicle" 


892 

720 

1612 


55% 

r:.j 


45% 



aOJ,VIGVM 


Figure 1 INTERNAL COMBUSTION ENGINE AND DRIVE 
COMPONENT LOCATIONS - DODGE OMNI 




Sirwe tile electric drive components ere approJcimotely three times as heavy as 
the corresponding I.C.E. units their front weight percentage must be less than the 82,6% 
of the I.C.E, units In order to achieve the vehicle target weight distribution of 58/42, 
The required distribution is? 


/ 

FRONT 

REAR 

TOTAL 

/Base Vehicle 

892 

720 

1612 

/ Electric Drive 



1490 




3102 

Desired Distribution 

1800 (58%) 

1300 (42%) 


Less Base Vehicle 

892 

720 




580 

1490 

Electric Components 

910 ■ 


61% 

39% 



The above percentages apply only to the selected base vehicle and must be adjusted 
for the individual vehicle design weight and the relationship of electric component 
weights to vehicle weight. , 

Assuming complete flexibility and front power plant/front drive, -the distribution 
of tile electric drive components would be: 



FRONT 

REAR 

TOTAL 

0 

All Electric Components 

910 

580 

1490 

Power Plant and Controls 

410 

0 

410 

Battery Weight 



1080 

(910'-410) 

500 



(1080-‘500) 


580 

0 

No, of batteries (approx.) 

8 

10 

18 


I’his typo of diitributlon is shown schomotlcnlly In PIG. 2, Unfortunately, a uniform 
distnbutlon of weigt\t around each axle centerline cannot be achieved, as shown in FIG. 
3, without increasing the size of the vehicle increasing wheelbase by moving front 
wheels forward and rear on^ backward. Since, this would not be within tlie established 
ground rules other approach^ needed to be considered. A total of 14 installation design 
studies were made utilizing the 1/4 size vehicle layout p^vlded by Chrysler Corporation 
the buttder of the Omni. These were all based on the' front power plant/front drive 
layout and considered all feasible combinations of battery locations including; 

o Batteries divided in several combinations between front and rear of vehicle. 

o “ Batteries divided in several combinations between front, tunnel and rear of 
vehicle. 

Several variations of motor/drive position and control units position were also included. 
Other factors to pe considered were the space envelopes available for batteries at front 
and rear of vehiclk location of suspension and steering components and the basic 
structure of the vehl|^^e. Analysis of these studies Indicated one combination which 
best met all the desfred criteria oft 

0 Curb weight distribution of approximately 58/42 front/rear, 
o Batterii^ combined in a minimum number of packages to facilitate the design 
of as light and compact mounting structures as possible. 

0 Battery groups positioned to provide ease of installation and removal for 
servicing. 

o Battery positions to be compatible with current levels of passenger protection 
in impacts, 

o No intrusion of batteries or other electric drivd components in passenger or 

I 

cargo compartments. 

The optimum layout is shown in FIG. 4. As indicated, the desired curb weight distribution 
for handling (58/42) was achieved. 










However, to aohieve thte optimum dUstribution, It wm neo«»sary to place approx- 
Imately half the additional weight of the electric vehicle on the front wheels. This 
Increased front loading by 460 lbs, and will result In a high level of steering effort. 
The problem is compounded by the larger front tires required to carry the Increased 
load. The front weighi be further increased by the addition of the battery supporting 
structure which has not been considered in the preliminary analysis. The resultant 
manual steering effort will be marginal at beat. This condition points up one of the 
most serious problems facing tlie electric vehicle designer until a substantial reduction 
in battery weight is achieved. In the interim, a compromise between optimum handling 
characteristics and steering effort will be necessary since power steering does not appear 
to be a viable option - lock pf a suitable power source. 

In order to minimize the Injpact on steering effort, it was decide<J to investigate 
an alternate layout which woul(j provide a better compromise between handling and 
steering effort. A front/rear distribution of 54/46 Was selected as a target. Most 
I.C.E. vehicles today operate in this range - the Chevette for example Is 53.8/46.2. 
Therefore, no serious handling deficiencies would be anticipated. 

I) 

The optimum layout at thte distribution is shown in PIG, 5. The 53.4/46,6 front/rear 
distribution should provide liandUng within the current envelope of acceptable handling 
characteristics and will reduce the wei^it on the front wheels from 1800 to 1650 lbs. 
While this is only about half the desired amount of reduction (experience indicates a 
maximum target value of 1500 lbs. on the front wheels) it is the best compromise 
achievable with a 3100 lb. vehicle. This compromise again points to the need for 
reduced battery weiglit. While some weight reduction in the base vehicle and electric 
drive and control units can be anticipated, an optimum balance between handling and 
steering effort cannot be achieved without a significant reduction in battery weight. 

0 

The front battery installation in this alternate layout is improved since only 6 
batteries in front allows the units to be mounted in a single plane thus simplifying and 
lightening the support structure. The lower level of batteries in the original layout 
also vfould be vulnerable to impact damage unless a guard was provided at a further 

O ■' 

weight penalty. Rear installation is complicated because of the added length of the 
battery pack and more vehicle structural changes are required. It should be pointed 
out that this is a minor problem associated with the conversion vehicle and should not 
be a problem with a new unique electric vehicle design. 



FRONT MOTOR/ FRONT DRIVE 


Til© layout, WQ* 5| is therofor© i*ooomm©nde<J as th© optimum for ©leotrlo veliiclos 
of this siss© and w©Igiit» Tli© ©xaot poeitlon of oompononts in tti© layout would not 
n©o©ssarUy apply to a now vohlol© dosign. Only th© guidoltnos of 54 to 60% front 
weiglit distribution and weight on the front wheels as light as possible (1500 IbSi target) 
are basio to a new design, ( ) 

It will b© noted that the laymit, FIG. 5, does not provide for a spare tire. It is 
antlelpated that a '’run-flaf tire will be commeroiaUy available by tlie time this layout 
will be available In vohlol© form, Ttie additional spaoe required and the added weight 
of a spare do not seem compatible with this urban use vehicle. For anyone insisting 
on a spare, one of the current ‘'minimum use" liglit weight spares could be accommodated 
flat on the cargo compartment floor, FIG. 6, Tli© addition of tlie spare would decrease 
front weiglit distribution by about 0.6% but only decrease the load on the front wheels 
by % lbs, \lt would obviously decrease tlie usefulness of tlie cargo compartment. 

Wliftethe recommended layout, FIG. 5, meets the objectives and criteria established 
for the optimum electric vehicle layout It was rccogniKerl that other power plant/drive 
arrangements had not been analyzed. Therefore, several additional studies were com- 
ploted to compare the merits of these alternatives. 

The first studies utilized a rear power plant/rear drive, « m order to keep tlie 
electric drive components from intruding into tlie cargo compartment, the motor had 
to be positioned behind the rear axle which produced a negative reaction on the front 
wheels. Reactions wares 

FRONT 0 rear 

1)0 

“(26 lbs.) : m lbs. 

In order to achieve the desired 61/39 distribution (p. 10) of electric components It would 
tlierefoi^ bo necessary to group all batferies at the front of the vehicle. However, a 
symmetrical disposition of batteries abou^l: the axle cannot bo achieved as discussed 
previou^y. Tlie required shift p'Mjatterles forward resulls in an excessively high front 
distribution. Therefore^ it was necessary to pjaee sonie of the batteries at the rear. 
Available Space limited the number to 3. Tlie optimum layout of tliree studies made 
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with this arrangement of components is shown in FIG. 7. This arrangement is not 
recommended for the following reasons; 

o The front weight distribution of 62% is considered excessive for a rear drive 
car. 

0 Traction would be poor (only 38% of weight on driving wheels), 

o Directional stability with rear drive would not be as good as with front drive, 

o Manual steering effort would be excessive - 1925 lbs, on the front wheels. 

Ij 

The other alternate studied utilized a front power plant with rear drive - a 


I fit 

I 
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so-called "conventional" drive because it has belin the standard layout for American 
I.C.E. cars. Only one feasible layout was achieved. As shown in FIG. 8, it was possible 
to achieve an acceptable weight distribution of 56/44 front/rear. However, this type 
layout is not recommended for the following reasons; 

(.• 

' 0 Traction is 21,0% less than with a front drive of the same weight distribution, 

o Directional stability is not inherently as good as with a front drive layout, 

o Manual steering effort would be high - 1770 lbs. on the front wheels, 

o The need for a drive shaft to connect the power plant and rear axle results 

in= ,, 

i( 

o /A weight increase of approximately 60 lbs. 

0 A hump in the floor down the center of the car to provide clearance 


for the drive shaft. The presence of this hump or tunnel seriously 
intrudes into passenger space in a car of this size. The effect of the 
tunnel can be demonstrated by sitting in a Chevette and then in an 
Omni. ^ 

The location of the speed control system under the cargo compartment 
floor limits accessibility for service. 
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The recommended optimum layout for electric drive vehicles is therefore the front 
power plant/ffont wheel drive configuration shown in FIG. 5. This layout generally 
meets all j^sired criteria. The minor exceptions uncovered in the final half size studies 
are: 

o A concave depression in the dash must be provided for motor clearance, FIG. 
9. This is above the normal foot position and therefore would not reduce 
leg room. It would require modification of the heater ductwork, In a new 
vehicle design It should be possible to design the front sheet metal to 
eliminate this condition. 

o There is n slight interference between the speed control box and the motor. 
If the internal components cannot be rearranged to accommodate the revised 
area then a new box shape adapted to the available space would be necessary. 
0 To prevent possible damage to the batteries from ground objects, it was 
necessary to raise the floor of the cargo area approximately 6". While this 
reduces total cargo volume it does result in a flat floor with the rear seat 
back folded down. An added guard structure would decrease the intrusion 

to about 3" but would add undesirable weight and increase rear weight 

distribution. 

yy' 

//' 

The basic configuration is equally suitable for utilization of an existing vehicle design 
or a completely new unique electric vehicle design. 
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2.2 Effect of Battery Shape 

The foregoing study to optimize battery locations from the standpoint of vehicle 
packaging (passenger and cargo space) and handling was conducted with the battery 
used for the ETV*-1, (Gloi^-Union lead-acid EV2-13). 

Extensive development work is being conducted on improving the energy/weight 
ratio of vehicle batteries of both the lead acid and alternate types. Because these 
batteries could have sizes considerably different from the current lead-acid and thus 
affect the packaging studies previously conducted, a separate study was made to 
establish what variation is size could be anticipated and what the packaging implications 
would be. 

Because of the extensive development work in progress and the many organizations 
involved, it was decided to obtain a recommendation from the Argonne National 
Laboratory as to the most promising types to consider for near-term application 
(1980-1985), Argonne is the Program Manager for the Department of Energy on electric 
vehicle battery development, 

The characteristics of the battery types recommended for consideration by Argonne 
are shown on TABLE 6. All of the listed types have dimensions and weights different 
from the original battery used. The number of batteries required per vehicle as 
specified by Argonne is based on maintaining a constant weight package and utilizing 
all increase in energy density to improve ^vehicle performance. The package weight 
selected by Argonne is about 100 lbs. heavier^han that used for the base vehicle study 
which further increases the undersirable ratio of battery weight to vehicle %eight. 

f 

Because of the variety of sizes and weights, Argonne was requested to recommend o 
one battery from each type which they considered to have the greatest near-term 
potential for improved energy density. The sel^ted units are identified on TABLE 6. 

A Comparison of sizes between the selected units and the base lead-acid type is shown 
in FIG. 10. 

A comparison of the packaging requirements for the different types, maintaining 
the^^ase lead-acid weight distribution as closely as possible, Is shown in FIG. 11. The 
maximum space avaflabhity for battery packaging in the Omni base vehicle is shown 
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(l)Based on approximate constant batte^ wei^t per vehicle 
b)Selected for padcaging studies 






FRONT rear 

Figure 11 BATTERY PACKAGING COMPARISON 
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In FIO, 12, Only the baseline lead-acid type can be packaged In the specified quantities 
In the space avaQable. Furthermore, weight distribution is adversely affected with all 
the alternate types. The package dimensions which exceed the avaflable space are 
underlined in HO. 11. The small deviations could be accommodated with minor 
structural revisions but those with double underlining would require a major increase 
in vehicle length to accommodate them or the rear seating positions would have to 
be eliminated. Neither ere considered acceptable for the vehicle package under 
consideration. 

With regard to future battery sizes, the space available in the Omni would appear 
to' be the maximum that can be anticipated in a vehicle size suitable for electric 
drive. The wheelbase at 99.2 is a maximum for the sub-compact size vehicle (90-100 
in. wheelbase) and the tread at 56 in, also appears to be a^,^ractical maximum. Increase 
of wheelbase or tread also increases vehicle weight resulting In performance loss. The 
transverse front mounted engine and front wheel drive provide a maximum of passenger 
space for this size vehicle and it does not seem desirable to sacrifice passenger space 
for battery storage space. It appears, therefore, that future battery development 
should be directed toward module (single battery) size and quantities which can be 
packaged in the space shown In FIG, 12, 

Port of the packaging problem encountered with the alternate battery types is 
the result of the number, of modules specified. The installation could be achieved by 

o 

reducing the gain in total energy and thus reducing the number of batteries required. 
Analysis of the battery characteristics (TABLE 6) indicated that the battery with the 
greatest potential for energy gain within the space available is the Nickel-Zinc type 
under development by Gould. It was agreed in a review With the JPL Technical 
M anag er that this would be the only type to be considered for further packaging studies 
i^n this program. 

o 

// 

Several possible combinations were analyzed and the best compromise is shown 
in FIG, 13. The number of battery modules is redu(«^ from the specified 18 to 14 
which reduces the total energy of the lottery set fpm 32,400 WH to 25,200 WH. 
This still provides a 57.5% gain in energy vs the 16,00^0 WH of the base lead-acid type 
and also provides a 156 lb. reduction in weight for the battery set vs. the base line 
package. The gain in energy per vehicle weight is therefore: 


a 
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Figure I 



ELECTRIC VEHICLE LAYOUT WITH 
FUTURE NICKEL-ZINC BATTERIES 






16000 

’TM 


« 5.15 WH/lb. 

c O 

25200 a 8,55 WH/lb. 

3102-156 

8.55-5.15 s 0.66% Cain 

0 

In spite of the reduction in number of batteries recommended by Argonne, a two-thirds 
improvement in watt hours per pound of vehicle weight can be acoomplished plus an 
acceptable installation package can be achieved. This would appear to be a desirable 
compromise. 

From the previous analysis it is apparent that battery module size is extremely 
important to the optimizing of electric veliicle component packaging. The present 
lead-acid module size of approximately 10 X 7 X 11 in. (L X H) is optimum for 
installation in a current production vehicle conversion and furtnermoro Would also be 
optimum for unique electric vehicle designs since additional battery space could only 
be achieved by aidditioTial vehicle size and weight. Therefore it is recommended that 
fpture battery development be directed toward a module size similar to the current 
lead-acjd type. Other dimensional configurations are possible if the total battery set 
con be effectively grouped in the spaces designated in FIG. 12. It is essential that 
front and rear battery mounting areas be utilized since an acceptable vehicle Weight 
distribution cannot be achieved with batteries located at only one end of the vehicle. 
It is jjilso important that a major improvement in battery energy/pound be achieved so 
that the proportion of battery weight tO vehicle weight be reduced. 


The optimum battery mounting locations' for the nickel-zinc type in the front 
and rear of the vehicle are based on use of a combination of battery mojdules similar 
in total volume requiremxnt to the current lead-acid. Jn the many location studies 
conducted no other Suitable locations were found, 9 





„ A final analysis of the effect of battery shape involved thej^^potential for using 
more radical module configurations. Two areas sometimes mentioned for battery 
location are under the floor and in the silL Neither of these locations would appear 
to have ahy future potential, The^ space under the floor as shown in FIG. 14, does 
not have adequate height in a small car to accommodate batteries. Battery heights^ 
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of 2" ore obviously not praotical and a portion of the area (rear seat foot well) has 
even less height. The only practical area would be under the rear jser^ which is limited 
to about 3800 cu. in. Compared to a volume requirement of 14,000 cu. in. for the 
lead'acid*ppckage and 17,000 cu, in. for tlie nickel-zinc, this area would not warrant 
serious consideratiw as it could only be used as a third pack complicating the packaging 
problem and adding to weight. Furthermore, since it would limit the battery height 
to about 6”, the total battery area requirement would be increased and packaging 
further complicated. A reduction of battery ^height is not considered feasible by 

a 

battery development groups since the top and bottom structures of the module are 
relatively fixed dimensions and reducing height reduces the working" height of the plates 
and electrolik ^hich cannot be recovered effectively by larger area. The module 
therefore becomes increasingly Inefficient as heigfit is decreased and structure and 
therefore weight are increased. This relationship is oxactly the opposite from the goal 
of the battery developers which is to increase the efficiehcy of the module at reduced 
weiglit. 


Raising the floor heiglit to accommodate a higher battery module would decrease 
legroom or raise car overall height and weight - both undesirable results. Furthermore, 
to accommodate an efficient battery module height, floor height would have to be 
raised about 9’* - an impractical amount to raise the car height from the standpoint 
of appearance and entry and exit as well as weight. In addition, current battery 
weight in this position (under the floor) results in a distribution of 61% front with a 
resultant front weight of about 1900 lbs. As previously discussed this is unacceptable 
for steering effort. Some batteries would still have to be mounted under the cargo 
compartment floor. This approaelf is not recommended for consideration unless some 
major breakthrough in battery construction and internal operation occures. 

Mounting batteries in the sill would seriously restrict entry and exit conditions 
and passenger seating space. FIG, 15-^hows tlie increase in sill height and width 
required to accommodate a practicajJ^battery module. Furthermore, the available 
volume would stiU. only be about 6000 cu. in.. - less than half of the requirement for 
a lead-acid module and one third for a nickclrzinc. Some batteries would vstfjlhave 
to be mounted in both front and rear areas to maintain proper weight distribution. 
Because of the negative effects on comfort and convenience without improvement in 
battery packaging, this approach is not recommended. 
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Dynamic and Static Analysis 
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In order to verify that the selected electric vehicle layout would be acceptable 
for dynamic handling characteristics, an analytical study was conducted by MGA 
Research Corporation. MGA had previously conducted an analytical study of electric 
vehicle handling dynamics under contract to JPL (Contract No. 955312). The program 
utilized was a computer simulation of two basic vehicle dynamic maneuvers; 

o Trapezoidal Steer Input - This maneuver characterizes the transient response 
of a vehicle to a suddenly applied steer input of a specific angle. The 
steering angle is held constant after the rapid input. An initial velocity 
of 40 MPH is used. The magnitude of steer angle can be increased until 
the limit of laterial adhesion is reached resulting in either a plowing condition 
(understeer), laterial drift (neutral steer), or spin out (oversteer). For the 
purpose of comparison in this analysis steer angles were not increased to 
the limiting condition. 

0 Sinusoidal Steer Input - This input simulates a rapid lane change steering 
maneuver and consists of two symmetrically opposite steering angle inputs. 
Initial speed is 45 MPH and the steering input is defined as a sine wave 
with a period of 2 seconds and various angular amplitudes. 

These maneuvers are recognized in the vehicle dynamics field as being indicative 
of the handling characteristics of a vehicle encountered in normal driving situations. 
However, it is important to recognize that vehicle handling qualities are highly subjective 
in nature and it is difficult to determine by simulation whether a given vehicle will 

handle "good” or "bad" except in a general sense. Production passenger cars exhibit 

0 

a wide range of dynamic characteristics and the development of a vehicle requires 
design compromises in several areas including handling. The handling characteristics 
of the selected EV configurations were therefore evaluated by comparing recognized 
dynamic response values with those of the base vehicle using the same control inputs. 
The evaluation was therefore relative to a production vehicle which possesses handling 
qualities suitable for the general public. 


o 




MGA*s experience in the dyniimics field also provided them with the necessary 
expertise to statically evaluate various vehicle characteristics with respect to their 
effect on vehicle handling. Eighteen possible electric vehicle component Installation 
studies were reviewed with MGA, all of which were based on using the Dodge Omni 
base vehicle. Two were selected by static characteristics analysis as representing the 
range of welglit distribution that would be expected to reflect good EV component 
packaging while at the same time providing acceptable vehicle handling characteristics, 
(i.e., similar to the Omni.) One of the configurations "N" utilized the optimum approach 
from a packaging standpoint (Ref. FIG. 4) and has a weight distribution close to that 
of the base vehicle. The other layout has batteries located in the tunnel area as 
well as front and rear. The two were selected to provide not only a range of weight 
distribution but also the effect of battery distribution in the vehicle; 

The engineering characteristics of the Omni base vehicle required for the handling 
simulations were obtained from the Chrysler Corporation. The dynamic handling 
characteristics of the base vehicle and the two selected electric drive derivations were 
then evaluated by means of the computer simulation program. 

In both of the selected simulated maneuvers the two EV configurations performed 
in a manner generally similar to the base ear. It was necessary of course to revise 
suspension spring rates and provide appropriate tires to accommodate the additional 
weight of the electric vehicles. While configuration ”N" (weight distribution closest 
to base vehicle) responded in a manner more similar to that of the base car than 
configuration "J", there is reaRy no significant difference in their dynamic character- 
istics. Both electric vehicles were within the response characteristics envelope of 
current production vehicles. Responses of the vehicles to the simulated trapezoidal 
maneuver at steering inputs of 2° and 8° are shown in FIG. 16. Responses to the^ 
sinusoidal inputs of 2® and 8° are shown in FIG. 17. Additional comparisons of^he 
relative responses of the EV proposals compared to the base vehicle in the trapezoidaf^ 
maneuver are shown in FIGS. 18 thru 22. FIGS. 20, 21 and 22 indicate the performance 
levels to be not only similar but within the envelope of existing production vehicles. 
Additional comparisons of responses in the sinusoidal maneuver are shown in FIGS, 23 
and 24. Again response characteristics are generally similar to the base vehicle and 
within production vehicle limits. A more complete discussion of the theory and 
comparitive results of these simulations will be found in the complete report of MGA 
on their work which is provided in APPENDIX-A. 
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Figure 16 RESPONSE TO TRAPEZOIDAL STEER INPUT 
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Figure 19 RESPONSE CHARACTERISTICS III TRAPEZOIDAl^^TEER MANEUVER 




Figure 20 RESPONSE CHARACTERISTICS IN TRAPEZOIDAL STEER MANEUVER 
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In getiBroI, it would not be antiolpated that a typical driver would notice an^ 
difference In the handling characteristics of the electric vehicles compared to the ba|e 
vehicle. It sliould also be noted Uiat the Omni suspension characteristics are fi(^e 
tuned fw a weight bias of 62/38 front/rear. Appropriate fine tuning of tlie electijic 
vehicle suspension for^a bias of 57/43 could be utiKieed to swing the response choract<|r“ 
istics back to approximately the same os tlie base vehicle. Tlie important factor! is 
that the weigiit distribution be in the correct range (53/62 front) before utilizing fine 
tuning to achieve tlie exact response characteristics desired. | 

" I 

As reported in section 2.1 of this report, the recommended electric velilcle 
configuration lias a lower percentage of wei^it on the front wheels than either of| the 
layouts selected for computer simulation analysis. The final selection was based on 
a compromise to reduce front wheel loading for a more acceptoble level of steering 
effort and to provide a more compact and lighter front battery pack mounting. The 
lower front weight bias was reviewed with MGA personnel and it was agreed that it 
would not have a significant effect on vehicle handling characteristics. This was based 
on; 




\ 


0 Very little difference exists between tlie base vehicle characteristics and 




those of either of the previously selected configurations. The latest distri- 
bution therefore, could be extropolnted to bo within the range of existing 
production veliicles. This is substantiated by the large number of current 
pi'oduction vehicles with the same level of front weight bias. 

It is recognized that the results of this simulation are not expected to 
optimize vehicle handling characteristics^ b«* ratlier to Insure that the 
selected configuration can be expected to perform in a manner generally 
similar to current production vehiclesi 

As long as handling characteristics as indicated by the sinfulations are in 
the general rang^'^of a target vehicle then final ''tuning" of suspension and 
tires can be expected to provide optimum characteristics. 




MGA was sufficiently confident of their assessmenf of the acceptable handling 
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characteristics of the recommended configuration that an additional simulation was not 
considered necessary. 

The recommended electric vehicle layout is therefore judged to be an acceptable 
compromise from the ^tand|point of vehicle dynamic handling characteristics and manual 
steering effort. It can also be concluded that it is possible to package electric vehicle 
^ drive system components in a production vehicle (Dodge Omni as an example) in a 
manner that does not significantly degrade the handling qualities of the base oar, 
without resorting to a central tunnel location for the batteries. 

As previously Indicated, the complete report of MQA on their analysis of electric 
vehicle dynamics in support of component layout optimizations is included as APPENDIX 
A. 

Q' 
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2,4 Battery Support Structure Integration 



The optimum electric vehicle packaging of batteries and other electric drive 
components is shown in FIG. 5 (p. 17). The final selection of battery locations was 
based on: 

0 Weight distribution to provide c^namic handlii|g characteristics similar to 
the base internal combustion engine vehicle, and front weight limited to 
a magnitude that would not result in excessive manual steering effort. 

o Space available in the vehicle envelope without increase of size or 
significant intrusion into passenger or cargo areas. 

The foregoing stipulations required the division of the required 18 batteries into 
two packages. The front pack of 6 batteries is under the hood directly behind the 
grill. The rear pack of 12 batteries is located under the cargo area floor. FIG. 25 
illustrates the relative locations of the two packs. 

The support structures developed to mount the battery packs in the Omni base 
vehicle are shown in FIGS. 26 and 27. The same general method of supporting the 
batteries is utilized for both front and rear mountings. Each battery is supported by 
a channel section around the base and is clamped in position by a lighter channel 
section around the hold down ledge of the battery case. FIG. 28. The channel supports 
are welded together to form a single frame for supporting the pack. The upper hold 
down channels are also joined to form a single frame. The lower support frame and 
upper hold down frame are clamped together by long bolts. The weight of the pack 
is supported in the vehicle by cross channels welded to the bottom of the frame. 
These in turn are bolted to the body structure rails. The rear pack is removed from 
the bottom. The front pack must be lifted upward through the hood opening for 
removaL Removal from the bottom would require a bolt-in front vehicle structure 
crossraember as the battery pack overlaps it. Since this is a key structural member 
is is recommended that it be left welded insuring a more secure joint. The offset 
between rows of batteries in the front pack is necessary to clear the transmission 
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case in the middle and the headlight cans at the side. Wei^ts of the battery supports 
are: (Using Hot Rolled Low Carbon Steel) 

Front 25 lbs. 

Rear 40 lbs, ' 

No structural changes are required at the front of the base vehicle to accom- 
modate the battery pad:. However, some stiffening of the front rails might be required 
because of the added weight of the batteries and electric drive components. This 
could be accomplished by heavier gage in a new design or addition of a reinforcing 
npember for the base vehicle. At the rear, the structure crossmembers, ahead of and 
behind the pack, must be redesigned to modify their cross-section. They also must 
be moved slightly farther apart to accommodate the battery mounting. Heavier gage 
rear rails or the addition of reinforcements could be anticipated because of the addition 
of the load of the batteries (720 lbs.). The cargo floor must be raised 6" to clear 
the battery pack. None of these changes are considered significant enough to alter 
the base vehicle's structural integrity. They will also add only a minor weight penalty 
of a few pounds. 

Since the basic structure of the vehicle is not affected by the battery installations, 
the crash worthiness should be unimpaired. In fact, the addition of the battery pack 
mass and support structure should improve the ability of the vehicle to maintain the 
integrity of the passenger compartment in either a front or rear impact. The batteries 
themselves offer considerable energy absorbing capability in a crush resistance situation. 

No specific vehicle layouts of the battery support systems were considered 
necessary since they are similar to the ETV-1 systems and did not appear to offer 
any installation problems. The three systems are: 

o Electric Component Wiring Connections 

Cables are required to connect the batteries to the motw and wiring 
connections between motor and controls must be provided. The location 
of the batteries and controls directly adjacent to the motor greatly 

(/ 

simplifies the wiring. The cable from the rear> battery pack can be routed 
down the small tunnel in the center of the vehicle along with the parking 
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brake actuation cable. This tunnel was provided in the base vehicle to 

f) 

stiffen the underbody and provide space for the exhaust system. 

0 Battery Wa+ ring and Venting System f''-' 

This is a dual function system and is provided to eliminate the need for 
individual battery fluid replacement and to vent any escaping gases away 
from the vicinty of the batteries, A scliematic of the system as installed 
in the ETV-1 Is shown in FIG. 29. Because of the separation of the 
battery packs between front and rear of the vehicle it is recommended 
that two separate systems, one for eaci) end of the vehicle be provided, 
- This would insure that a low spot could not occur in the line connecting 

front and rear packs which could collect fluid and prevent venting. Ample 
space Is available to install the two systems. To insure safe^ venting a 

\ t 

flame arrester is installed at the end of the vent tubes. The latest design 
as recommended by Globe is shown in FIG, 30, 
o Battery Charging System 

t 

Schematically this system would be similar to the ETV-1. The external 
connection could be behind the grill with a suitable access door provided. 

In addition a battery cooling system might be required. Although the batteries 
are located where an optimum amount of natural air flow would occur and the supporting 
structure "allows for a free flow of air around the modules, temperatures developed 
during charging might dictate the need for a forced air supply. No specific cooling 
requirement specifications are available but requirements could probably be met with 
a straightforward systepi as shown in FIG. 31. A plastic shroud attached to the front 
of the battery support cage would direct air flow from a fan over and between the 
batteries. The fan drive motor and mounting would be similar to the ren|d^te electric 
drive engine cooling fan used on the Omni. Each fan and motor could probably be 
smaller than the Omni depending upon the results of actual vehicle installation cooling 
studies. 
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RSURE U.- battery WATERIN& and VEKtIN^ S/STEM SCHEAfATIC 



Figure 29 BATTERY WATERING AND VENTING SYSTEM 
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Figure 30 BATTprWT SYSTEM FLAME ARRESTOR 






With respect to Vehicle modifications to provide for the installation of electric 
drive components only minor changes are required. The structural changes are discussed 
on p. 54 of this secticm. As indicated in section 2.1 a concave depression in the dash 
panel must be provided for motor clearance. 

Other modifications to base vehicle components were as foUows; 




Front Suspension. 






Analysis by Chrysler Engineering % the ETV-l vehicle indicated that the 


suspension members and body supporting structure were adequate for the 
increased wheel load of that design. <Since front wheel loads are approx- 
imately theVsasne^ f or this proposed vehicle no suspension modifications 
should be required ejccept^or higher load and rate springs. Springs 
designed for the ETV-l should be suitable. In the event more load capacity 
should be required, the G. M. X»Car suspension, a similar design, could 
be substituted with only minor modifications. It has considerably higher 
capacity. A slightly larger diameter sway bar might be required as part 
of the final fine tuning of the suspension characteristics. A depression 
must be added to the top of the front suspension crossmember to provide 
dynamic clearance to the transmission case. Shock absorbers would 
undoubtedly require retuning because of the added weight and changed 
weight distribution. 


Rear Suspension 




.1 


// 




Installation of the rear battery pack was accoiiiiolished without interference 
With the rear suspension. The semi-independent layout of the Omni rear 
suspension which does not have a conventional rear axle beam made this 

a 

possible. However, weight increase on the rear ^as considerably higher 
than on the front. A heavier strut would be required in addition to a 
spring with higher load capacity and rate. Sinoe^only the strut (basically 
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an extended sfidck absQ^-ber) would bo involved, incVeaslngf capacity should 
not be a probleil. Again X-Car strut components could b& utilized. Body 
supporting structure at the point of strut attachment is extreihely rigid 
but might require heavier gage riiaterial in the support tower. A new 
tower would probably be required to provide cleamnoe for the heavier 
load rear spring. The magnitude of spring load increase "would undoubtedly 
require a larger coil diameter. The increased structure of the rear raUs 
to support the battery load would probably provide adequate strength for 
the support of added wheel loads. Rear shock absorbers would require 
retuning. Based on information supplied by Chrysler, the rear suspension 
arms and mountings Would probably be adequate since their structure 
requirement is not directly related to load. The roll resistance provided 
by the member connecting the two independent trailing arms might need 
to be modified as a final tuning of suspension dynamic characteristics. 
Brakes 

The increase of total vehicle weight by approximately 50% would normally 
indicate that a major brake change would be required. However, review 
of Vhe brake system for the ETY-l with Chrysler Engineering indicated 
that no major changes were necessary. This .favorable situation resulted 
from: 

o The use of a regenerative braking system in conjunction with the 
electric motor drive. This automatically proportioned system tuned 
to requirements through the microprocessor relieves the brakes of 
much of their work. 

0 The rear brakes are in effect oversized on the Omni because they 
are the smallest currently available in large scale production. The 
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high front weiglit bins of the Omni plus weight transfer during high 
speed stops places most of this mode of braking load on the front 
wheels. The rear brakes, as^^ey exist, are thw^ore capable of 
providing a much higher level of braking capacity. Evaluation of 
the ETV-1 indicated only an increase in rear wheel cylinder size 
was required to provide braking capacity odequate to meet the 
Federal Brake Standard performance level. This change might not 
be required for this proposal because of the reduced weigiit on the 
rear wheels vs. the ETV-1. The brakes are designed to operate 
satisfactorily in the manual application mode .since a suitable power 
source (or braking is not available. 

« 

o Wheels and Tires 

Wlieels must be increased in gage to support the additional load. Tire 
load capacity alsb needs to be Improved. Since only a one size larger 
tire could be accommodated in the wheel wells, a higher load range tire 
was required. The ETV-1 for example uses a P175/75R13 extra load range 

(D equivalent) tire which is adequate for the weight of this design. Since 

0 

the P175/75 tire is standard on the Omni coupe it will fit in the available 

Ot 

space of the electric vehicle. Since the maximum tire load is slightly 

0 

less than on the ETV-1 a lower tire pressure would be used for this 
vehicle. The maximum load occures on the front rather than on the rear 
for the ETV-1. Uniform front/rear tire pressures could probably be used 
rather than the significantly different values specified for the ETV-1. 

The steering system can be utilized exactly as on the Omni. The electric motor 
drive was positioned so that it did not interfer with the steering gear in Omni position. 
Omni steering linkage and steering column also can be used without change. Power 

(\ 


61 


steering would not be aveQable because of the lack of a suitable power source. 

O' 

Engine mounts for the internal combustion power plant were removed and replaced 
with electric drive mounts similar to those used for the ETV-1. 

J/’ 

In order to better demonstrate the Installation of the electric components, a 
vehicle mock-up was constructed utilizing on Omni structure which was available at 

C.’i 

Pioneer from aprevi<?us weight analysis conducted for the Department of Transportation. 
The main areas of the mock-up are shown in Fiois. 32 thru 36. The mock-up verified 
the suitability of the physical placement of components. 

In summary no serious installation problems were encountered in converting an 
Omni internal combustion engine vehicle to electric drive. The added weight pf the 
electric components increased vehicle weight by about 50%. This very large increase 
requires numerous minor modifications in the load carrying members but no serious 
problems were encountered. This installation appears to be very suitable for electric 
drive development work without incurring the cost of creating a totally new and unique 
vehicle at this stage of development. 



Figure 32 ELECTRIC VEHICLE MOCK-UP - SIDE VIEW 



Figure 33 ELECTRIC VEHiaE NOCK-UP - FRONT BATTERY PACK 




Figure 34 ELECTRIC VEHICLE MOCK-UP - MOTOR LOCATION 
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CONCLUSIONS 


Design studies and analysis indicate that it is feasible to design an optimum 
packaging of electric drive components in a sub>compact size car and retain: 

o The dynamic handling characteristics 

o The passenger space (4-passenger) and cargo area 

of the base internal combustion engine vehicle. The same basic packaging would also 
apply to a new unique electric vehicle design. 

To obtain dynamic handling characteristics which are Within the envelope of 
-current production vehicles it is essential that the weight distribution of the electric 
vehicle be between 53/47 and 62/38 front/rear. Correct weight distribution is the 
most important single factor in achieving acceptable handling characteristics. 

The optimum layout for the electfic Vehicle cofuists oft 
Front motor/front wheel drive 

Battery mounting divided between front and rear vehicle locations 

No major ^rustural or running gear changes are required to convert the selected 
base vehicle to electric drive. 

Current battery weights and volume seriously restrict the design of an optimum 
size and weight electric vehicle. 

Alternate battery types now under development do not significantly improve the 
excessive weight problem. Most of them cannot be packaged as easily 'as the current 
lead-acid type. 


i 


RECOMMENDATIONS 


c?- 


The necessity for proper vehicle packaging be disseminated to organizations 
entering the electric vehicle design field, u 

Developers of new battery types be apprised of the need of optimizing battery 
module size based on vehicle packaging considerations. 

One or more prototype vehicles be constructed to demonstrate the feasibility 
of converting current production vehicles for use as electric component test vehicles. 
Static and dynamic characteristics of the converted vehicle should be determined and 
fed back through tlie dynamic simulation program to gain additional correlation tdf 
future analyrfs. 
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APPENDIX A 

This appendix to the primary report consists of a report by MGA Research Corporation 
covering related dynamic studies performed as a sub-eentract In support of the Pioneer 
contract. The MGA report also has an A & B Appendix, 
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INTRODUCTION 




Pioneer Engineering and Manufacturing Company (PEM) was awarded a 
contract to perform an electric vehicle design study for the Jet Propulsion 
Laboratory of the California Institute of Technology (JPL) . The objectives of 
this study were to evaluate and select electric vehicle drive system components 
and to package the selected components in an existing vehicle in a more nearly 
opt.j.mum manner than is generally done in retrofit EV conversions. MGA Research 
Corporation (MGA) assisted PEM in their study by evaluating various. EV component 
layouts with respect to their influence on vehicle stability and control. 


Under the first task of the overall program, PEM developed a number of 
alternate EV component layout designs, all packaged within the confines of the 
selected base car, a Chryslef Corporation Omni/Horizon. MGA then assisted in an 
evaluation of these designs by conducting static analyses which provided an 
indication of the potential impact fifteen selected designs might have on 
handling response variations from the base car. This information, coupled with 
other ‘design considerations, resulted in the selection of two EV configurations 
that would be expected to reflect good EV component packaging while at the same 
time maintain acceptable vehicle handling characteristics. 

II 

O 

It is important to recognize that vehicle handling qualities are largely 
subjective and qualitative in nature, and very little information exists which 
Can be applild to determine whether a given vehicle handles "good" or "bad", 
except in a gross sense. Production passenger cars exhibit a wide range of 
dynamic characteristics, and the development of "a vehicle requires many design 
compromises which include handling as one of many aspects of automotive 
engineering Which must be addressed. 

<) ‘ 

With this in mind, the evaluation of the.^EV configuration handling > 

c. 

qualities was made by comparing predicted dynamic response characteristics 
with those of the base car for identical control inputs. Thus, the impact of 
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alternate packaging layouts on vehicle handling qualities was judged in a 
relative sense based on the responses of a production vehicle which possesses 
handling qualities suitable for the general public. 

Tlie comparative evaluations which are described in detail later in 
this report were carried out with a proprietary adaptation of the Highway- 
Vehicle-Object Simulation Model (HyOSM) , Reference 1, and were based on two 
simulated manuevers, a rapid steer input to a constant level and a sinusoidal 
steer input, both performed at various levels of input, The evaluations 
spanned the range of vehicle response from the linear regime to the limit 
performance regime. Additional linear vehicle dynamics analyses were conducted 
to expand upon the results obtained from the HVOSM simulation runs. 

In general, the results of this study indicated tha.t either of the 
two selected EV configurations would possess handling Gharacteristics that are 
consistent with the ranges available within the existing vehicle population. 

One of the configurations does respond to control inputs in a manner more 
similar to the base car than does the other, however. 

The following section discusses the major conclusions resulting from 
this Study, A Technical Discussion is then presented describing, in some detail, 
the electric vehicle configurations that were analyzed and tj^e physical properties 
of the vehicles that were employed in the analyses. This is followed by a 
discussion of linear handling theory and results obtained for the base vehicle 
and two EV configurations. The vehicle maneuvers simulated with the HVOSM, 
together with the vehicle responses resulting from them are -then presented. 

Appendices containing a synopsis of the mathematical model used in 
the HVOSM, a summary of the HVOSM input data, and vehicle response plots fdi 
both the trapezoidal and sinusoidal steer maneuvers. 




2 . 


CONCLUSIONS 


Since the primary thrust of the activity reported herein was with 
regard to the evaluation of the likely vehicle handling qualities resulting 
from various approaches toward retrofitting electric vehicle drive system 
components into an existing internal combustion engine vehicle, our conclusions' 
are based primarily on a comparison of responses predicted for the base yehicle 
and electric vehicle configurations. 


Two major conclusions arise from the results of this study^g First, 
it is possible to package electric vehicle drive system components in^^ 

Chrysler Corporation Omni/Horizon in a manner that does not significantly ^degrade 
the handling qualities inherent in this car. It shpuld,' however, be recognized 
that the added weight of the EV drive system requires that careful consideration 
be given , to base vehicle components and structure. Clearly, the suspension 
system requires, at a minimiun, increased spring rates in order to maintain 
ride height and frequency equdl to that of the base car. '^Additional damping and 
strengthened suspension members may also be necessary. When carrying the added 
load associated with the EV drive systems, the base vehicle tires are, at best, 
mai'ginal in terms of reserve load capacity and cornering stiffness. Within 
the simulation study reported in the following section, we have assumed that, 
if actually constructed, both EV's studied would have modified suspension 
springing (so 'as to maintain the same front and rear ride frequencies as on 
the base car) and have been fitted with larger tires (CR70X15) »dth increased 
load carrying capacity and cornering stiffness. Furthermore, no consideration 
has been given to the effect that the added weight and the packaging layout 
might have on the crashworthiness response of the base vehicle structure. It 
is, of course, recognized that this aspect of the hypothetical conversions 
were not intended to be addressed by this study; nonetheless, future effqi^^ts 
must begin to consider this vital aspect of electric vehicle safety. 

The second major conclusion resulting from this study deals 

with the relative ranking of the two EV configurations studied in depth with 

w 
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respect to handlins characteristics. Two configurations, "J" and "N" were 
selected for detailed handling analysis based on a preliminary static analysis 
and other packaging related considerations, While both of these configurations 
were Judged to exhibit response characteristics well within the riinge observed 
in the vehicle population, configuration "N'* consistently responded to control 
inputs in a manner closer to the base car than did configuration "J". Note 

that the selection of tires used on the EV's would be expected to have a sub- 
stantial effect on the absolute EV responses but given the same tires on both 

EV's, the relative ranking would be expected to be the same. , 

'li 

(I 
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3. 


DISCUSSION OF RESULTS 


This section provides a discussion of the results obtained in the- 
'study. The first subsection describes the vehicle configurations studied and 
includes a description of some^^of the data used to mathematically describe the 
base vehicle as well as the procedures employed for developing data for 
describing various hypothetical electric vehicle configurations. A comparison 
of some fundamental vehicle characteristics is provided for 15 vehicle con- 
figurations. Following is a brief discussion of the application o.f linear vehicle 
handling theory to the characterization of expected vehicle response behavior. 

The last subsection describes the application of the HVOSM computer simulation 
to the study of selected EV configurations in both the linear and non-linear 
ranges of operation. U 
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An initial step in this attempt toward optimization of electric vehicle 
component packaging was to select a base vehicle which would be a practical 
choice for conversion from internal combustion to electric drive. This approach 
towards layout optimization, that of basing the study on an existing vehicle, 
was takeh for two reasons. First, it provided an existing vehicle structure and 
periphery within which to work rather than- attempting to design a totally new 
vehicle package--an undertaking outside the scope of the project. Second, 
since vehicle handling evaluation is largely qualitative, judgements regarding the 
prediction of electric vehicle handling characteristics can be best made by 
comparison of response metrics with a known conventional vehicle. Indeed, a 
goal of any electric vehicle program should be to maintain handling qualities 
close to those of conventional vehicles to which people are accustomed. 

The base vehicle selected by PEM in conjunction with JPL for use in 
this study was a Chrysler Corporation Omni/Horizon. Much of the engineering 
information required for Vehicle handling simulations of this car was obtained 
from the Chrysler Corporation by PEM. 


Physical properties of interest in the initial stage of the study 
included the following: 

O 


Weight 



Weight distribution 

(V 


Total vehicle centMVof-gravity height (H) 


J 

Roll moment of inertia (1,^) 
Pitch moment of inertia (1^) 


Yaw moment of inertia (I ) 

z 

Roll -yaw product of inertia (I ) 

xz 

The nominal road weight for this car, as supplied by Chrysler 
Corporation was 2341 lbs, with a front to rear weight distribution of 64.8/35.2. 
The reported total vehicle center-of-gravity height was given as 20.4 inches 
above the ground. Moment-of-inertia measurements for this car were, un- 
fortunately, not available. However, estimates were made based on known values 
♦ 

for similar sized cars. 



A summary of the base car vehicle physical properties used in the 
first stage of the study is given below: 


BASE CAR PARAMETER 


Weight (lbs.) 

2 I 4 I 

a (inches) 

34.90 

b (inches) 

64.30 

H (inches) 

20;' 40 

(Ib-in-sec ) 

ly. (Ib-in-sec^) 
(Ib-in-sec^) 

4011.0 

14471.0 

14700.0 

I (Ib-in-sec^) 
xz ^ ^ 

0,0 


a 
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It was then necessary to make a preliminary evaluation of some 18 
possible electric vehicle component layouts, packaged within the available 
space in an Omni chassis, that wei? developed by PEM. The intent of this step 
was to narrow the many possible EV' layouts to a limited number, based on both 
design considerations and on an estimate of expected handling changes, so 
that detailed analytical evaluation could proceed. An estimate of the relative 
lateral responsiveness of the various configurations ywas made by comparing a 
calculated dynamic index, a ratio of the yaw radip/of gyration to the product 
of the distances between the vehicle center-of-gravity and front ai]d roar axles. 

These computations were carried out with the INCAL computer program by 
first analytically removing internal combustion engine components and then 
adding EV components in locations corresponding to each EV layout, 

The following weights and center o\l gravity locations for each ICE 

'k 

component, located with respect to the total vehicle center-of-gravity were 
then used to calculate a set of parameters that characterize the bare (i.e., 
without drive system) body and chassis. 


Location (in. ) 


Component 

Weight (lbs.) 

-- X 

y 

z 

Engine/Transmissibn 

Battery 

400 

46.1 

0.0 

==1,8 

36 

50.1 

-18.2 

-7,4 

Fuel Tank (full) 

lOS 

-41.4 

0.0 

7.8 

Spare Tire 

15 

-71.5 

o.,o 

6.7 


Locations given w/to a right handed coordinate system; x - forward, 
y - to the right, z - down. 
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■o 

Note tliat the spare tire was anaXyticaily removed because it was 
subsequently added in different locations, depending on the specific con- ^ 
figurations analyzed. 

Once the base car with ICE components deleted was defined, it was 
possible to add EV components in different locations. The following component 
weights (as reported in Ref. 2) were used in subsequent calculations: 


Motor System; 


237 lbs. 


Motor 

Misc. Drive Components 




217 lbs. 

20 lbs. 
237 ibs. 


Transmission/Dlfferential : 

Controller (microprocessor) ; 

Speed Control System: 

Power Conditioning Unit 

Misc. Power Components 

On-board Charger ...... . . ..... 

CfO 


97 lbs, 
14 lbs, 
6 lbs. 
117 lbs. 


48 lbs. 

//' 

8 lbs. 
117 lbs. 


Spare Tire: 

J 


TOTAL 




_15^ l^S. 


42S lbs. 


Eighteen batteries, each weighing 60 lbs. were also added in 
locations dependent on the specific layouts. 
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Table 1 summarizes the results obtained. Note that all items listed 
in the table are for the total vehicle with the exception of I , the sprung mass 
moment of inertia, which was computed based on the assumption that the unsprung 
mass weight was 70 Ibs/wheel. ( ) 

Based ojj several considerations, includliig results presented in the 
table, two EV layouts were chosen as being viable candidate designs. These were 
front wheel drive configurations ‘'J'* and "N". Note that the dynamic index 
(k^/ab) for configuration "J" is less than that of the base car, i^ndicating-^hat 
the distribution of drive system masses tends to be closer to the total vehicle 
cent er-of- gravity. Configuration "N", on the other hand, has a higher dynamic 
index than the base car but maintains a weight distribution closer to it than 
does configuration "J". 

Figure 1 shows schematic diagrams of the drive system component 
layouts for the base, vehicle and the two |IV configurations that were studied 
in more detail in subsequent analyses, and a suimnary of major vehicle parameters 
for these^ three vehicles is given in Table 2. 

Since axle loadings are increased for the tv^o EV configurations by 
the addition of battery and drive system components, it was necessary to adjust 
both the front and rear spring rates to maintain same ride frequencies as in 
the base car. These values are also included in Table 2. 

y 

In addition to the mass and inertia properties already discussed, 
the complex computer simulation used to simulate the base vehicle and EV 
configurations requires many other parameters to fully characterize a vehicle. 
Among the more important of these are dimensional information, suspension 
properties and tire properties. c-- 

The HVOSM includes a very sophisticated suspension system 
representation which encompasses all important suspension properties of the 
base vehicle. These effects include ride-steer, lateral force compliance 
steer, aligning tor.^ye compliance steer, lateral force compliance camber, and 

9 
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TABLE 1 

COMPARISON OF BASE CAR AND EV CONFIGURATION CHARACTERISTICS 
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TABLE 2 

BASE CAR AND EV COHFIGURATION PARAI€TERS 
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aligning toj^lue coiiiplianco camber. These compliance eflects occur because 
suspension systems are intentionally designed with a certain amount of flexibility 
by the use of rubtfor bushings, for vibration isolation and other reasons. These 
compliances play a very important r'ole in the handling properties of a vehicle, 
and handling behavior can actually be modified by properly incorporating a 
certain amount of suspension system flexibility. 

’ 

The standard tire installed on the base car is a PlSSxRXS. Mechanical 
properties of this size tiro are not known to be available within the public 

(j 

domain; hence, an AR78xl3 tire, for which properties were available, was 
substituted for the simulation stu^y described subsequently. A carpet plot of 
lateral force as a function of slip angle and normal load for this tire is 
shown in figure 2. Sifjce the additional weight of the two electric vehicle 
configurations required a tire with greater load carrying capacity, a CR70xl3 tire 
was simulated on these vehicles. Lateral force proporties of this tire are shown^- 
in Figure 3. Complete MVOSM data sets for the configurations simulated are 
given in Appendix B. 

3.E Linear Vehicle Stability and Control Analysis 

In order to provide a basis for more fully understanding the results 
^obtained through simulating the various vehicle configurations with the 
UVOSM--a complex, nonlinear vehicle dynamics siniulation--liinited investij^ations 
were conducted with simplified, lineai^^ automobile models. Such closed fori^ 
analyses result in a better appreciation for the fundamental relationships 
between various physical pax'ameters than can be obtained through simulation 
results alone. Although a number of investigations have been conducted with 
linear automobile models, the following discussion is based mainly on the vfprk 
reported in References 3 and 4. Figure 4 gives the nomenclature for an 
automobile (bicycle model) in a steady-state turn of radius R with body slip 
angle ($), yaw rate (r) and front wheel steer angle (6) held constant. The 
body slip angle and steer angle are treated as small angles. The simplified 
system represented in the figure can be described by a lateral force aqd a 
yaw moment equation: ^ 





Figure 3 CR 70x13 TIRE CARPET PLOT 






Y * Fj, cos 5 + « Pjj (J) 

n 

N » aPp cos 5 « bPp « aF‘p - bp^ (Z) 

,/i 

where Pp and Pj^ are the products of tiro cornering stiffness and tire slip 


angle. Thus', 


F« » C „ 

Cl wt C* 

“♦•flTI ^ 


(3) 



F aP 

«F * \j! 

mUm 

1 

[— -8J 


!i 

i ‘ 

P * C 
r '^aR 

a„ « C „ 
R nU 

tan“4 

v-br 1 

i4). 

/: 


(/ ~ 

Noting v/u „,i u = V, thon. 


‘•■|= ' =nl- (B * ^ - 4 ) • (5) 

* ^aR T ^ 

^ For steady- state turning, the resultant yaw moment, N, is zero and 
l^^eral force, Y, equated to MVrV ihe centrifugal force. With those conditions 
the equations of the systJm become: 


(6 * T - [8 - t) “ 17) 

“'^oF [8 * f - 8), - ‘'^oR tS - = 0 («] 




//, 
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Solving the above two equations for the front wheel steer angle results 


in 


5 » !> + SL 
^ ZR 


aC « bC 
oF - oR 


^aP ^oR 


( 9 ) 


Denoting hp * ^ - a where i « a -i- b, 


and 


1 


C..oW 


ds" ^ and writing the stee^ angle equation in terms of 


^oF ^R 


and hg results in 


I 

f 


K 

Rg 


,// // 




Note that h is the classic static margin ^i^rameter which provides an indication 
of lateral directional control of the simple two degree- of -freedom model. 

The above equation is often expressed as 


o 


d « 57. 3 ^ + K ~ 


no) 


where K “ -57,3 ~ always negative since the tire cornering stiffness 

is always negative. Therefore, K is positive for positive and negative for 
negative h^. A vehicle with a positive static margin requires an increase in 
steer angle to maintain a constant radius as the velocity is increased, This 
is the understeering characteristic with which most of the driver population 
is familiar. For negative static margin, the converse is true resulting in 
classical oversteering behavior. 


Although this simplified model gives an indication of a vehicle's 
behavior in the linear range of operation, many other factors such as geometric 
roll steer, tire aligning torques, camber effects, steer effects due to 
suspension and steering compliances, strongly influence response. 
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Mlliiken, ot aL (Ref. 5) have inclws^ed sonie of the additional effects 
in their analysis by ignoring their Interaction' with each other and treating 
them independently as separate "add on" factors. Bach individual faptor results 
in an incremental change in static margin, h^^, or an incremental change in 
cornering stiffpess parameter For all of the effects considered, the 
steer equation (10) becomes 

/ 

i h " 

$ « ^ Uy Where (fh * h^ + Eh^ 

C » + EC. 

0 i 


Table 3 (from/;Ref. 5) gives the summary of the steer effects considered 
in that analysis by listWg the factors and their eff ect s on b 0 t|)^^tatic 
margin hj^ and cornering std.ffness parameter C^,. 


since a goal of the pre?ient study is to design an optimized EV 
packaging layout which should, ideally, have a minimal impact on handling 
characteristics, an attempt was mad^ to select different tires for the two 
EV configurations studied that wo^d reasonably be expected to fit on the vehicle 
without modifications, would have sufficient load carrying capacity to handle 
the added weight, and would have a positive effect on steady-state steering 
characteristics, hopefully maintaining properties similar to those of the 
base car. Table 4 gives a breakdown of the contribution of various ^teer 
effects to h and C for the tJiree vehicles (base and 2 EV configurations) with 
two different sets of tires (AR7.8 x 13, CR70 x 13), It is noted that all 
six configurations (3 vehicles with 2 sets of tires) are intrinsically under- 
steering (positive understeer factors) and the contribution of steer effects 


to the effective static margin is about 60% of the total. With both sets of 
tiros, EV configuration "J" is somav^hat less understeer than the base car, wliile 
configuration "N" is slightly more understeer than the base car, as predicted 
by the simple two degree-of-freedom cornering stiffness and weight distribution 
model. Including compliance and steer effects results in both EV configurations 
being somewhat more understeer than the base car. Also, as is expected from the 
theory, the increased cornering stiffness of the larger tire results In a 
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SWSMARy OF STEER EFFECTS 
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TABLE 4 

COMPARISON OF STEER EFFECTS 
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decrease in understcor for nil vehicles. Comparing the EV configurations with 
CR 70 X 13 tiros with the base car with AR78 x 13 tires, it is seen that 
configuration "N" has approximately the sanio undcrstoer factor as does the 
base car, while configuration "J*' is somewhat loss understecr. 

0 

o 

Although the foregoing analysis provides an approximation of a vehicle's 
steady-state behavior, additional understanding can be achieved by using 
linear theory to estimate the transient response of automobiles to various 
steer inputs. In two degreo-of-freedom (yaw and side slip motion), models of 
vehicles, the equations of motion represent a second order damped system for 
yaw response, A number of response times are typically used to describe the 
vehicle's transient response, such as the time to attain 63% or 90% of the 
steady state value either in terms of yaw rat& or lateral acceleration, Closer 
exatiination of t]ie equations of motion leads to a general inference that as 
the understeor factor, K, decreases, the steady state yaw rate gain Increases 

o 

and the characteristic response time also increases. It |s generally believed 
that vehicles with smaller r*esponse times are better iirterms of vehicle 
handling than those with larger response times. This belief is supported by 
experimental studies reported in Ref, 6. " 

Yaw rate time constants were computed by using a two degree-of-freedom 
simplified modei for tlie above six configurations, Table S summarizes the 
results of this investigation. Included in this table are the simple and 
expanded twh hegree-of-freedom understeer factors, steady state yaw rate gain 
and three different response timfs. They are time to reach 63% and 90% of the 
steady state yaw response to a step steer input, and the effective time constant 
as determined by tlie frequency at which the yaw response lags the sinusoidal 
steering input by 45®. 

It is quite clear from this sttjdy that changing to stiffer CR70 x 13 
tires reduces the response times for the two EV configurations, Tlie same effect 
is not readily apparent for the base vehicle since the increase in cornering 
stiffndss was offset by the reduction in understeer factor associated with the 
larger tires. The longer response time for configuration "N" is a result 

of this configuration having the largest yaw moment of inertia. 
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HVOSM Simulation Study Results ' 

In order to provide a basis for compariiiB the responso characteristics 
of the two selected electric vehicle configurations to those of the base 
vehicle, the HVOSM was prograiiuned to simulate two different types of manouv#^?- 
at varying levels of steering input. The two maneuvers were a trapezoidal 
steer maneuver and a sinusoidal steer maneuver, ^^linllar to Vehicle Handling 
Test Procedures CVHTP*s) No.= ‘I and S developed by the University of Micliigan 
CRef. 7) for the NUTSA. .. '' 

IJach of these raajieuvers are described briefly in the following,* 


Trapezoidal Steer CVHTP No, 4) - ’ 

Ti\is manuever simulates a vehicle making a "J" turn at an initial speed 
AO MPH, The vehicle is given a sudden steer inpvit and steer angle Is held 
coh^|ant thereafter, A typical steer angle (average steer angle of the front 
\dieelsj^^^i|ne liistory is sltown in Pigurc 5, 



t (sec) 


(3 

Figure 5 TYPICAL TRAPEZOIDAL STEER INPUT 

o 

The magnitude of steer angle is increased until tire side forces 
saturate resulting in a plowing condition (understeer) lateral drift (neutral 
steer), or spinout Coversteer), The constant steer angle is determined from 
a reference steer angle (o) and wheelbase (A), normalised to 10 feott 


a6 
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(l 


0 


6 » 




a where i. is in feet 


Siinuletions were performed for the following reference steer angles: 


s'N 


a « 1* 2, 4, 8, 16' 


The actual constant steer iiangles for tlu^vt'Ji ivltos und^ study„ are as follows; 

'' '■'- - y '» 

6 » . 8 ^ 67 , 1 . 6533 , 3 . 3067 , 6 , 6133 , 13 . 2267 “. 


The performance evaluation numerics for this jnaneuver are; 


Max, yaw rate Ci'p) 



/kf >‘J 


Max. lateral acceleration (ajj^) 

Peak side slip angle (0 ) 

o p 

Peak side slip rate (0p) 

Average path curvature ratio as defined by 


Hr 


ave 


(r) ave - 2 


40 MPH. 


1 /' 1 

2 / %) Ug « radius for 1 g lateral acceleration at 


Sinusoidal Steer (VHTP No. 5) - 

(I 

This procedure simulates a vehicle in a rapid lane change tyjje of 
manuever at 45 MPH. The ideal performance is one in which the vehicle is displaced 
laterally by approximately 12 feet with a final heading direction parallel to 
the original direction. The steering input is a sine wave of a period 2 seconds 
with various amplitudes. The general time history of the stee| angle is shown 
in Figure 6. / 
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O 



t (sec) 


Figure 6 TYPICAL SINUSOIDAL STEER INPUT 

The amplitu^p (5) is detoi-mincd, as before, from a reference steer 
angle (o) and a normalized wheelbase (Jl) : 


^ a 


£ in feet 


The reference steer angles for HVOSM simulation used were; 


0 « 2 and 8 


Tbe evaluation numerics for this maneuver are'^as follows; 


a, Lane change deviation A as defined by 




y “ 12 1 dt 


whex'e y is the lateral displacement of sprung 
mass center of gravity 


b. Maximum sideslip angle (8 ) 

'p,, 

// 

Ci Final heading angle at t * 3,4 sec i 


1 / 
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Trapezoidal Steer Results 

As described above, this maneuver results from a rapid application 
of steering input to a constant level which is normalized with respect to 
wheelbase. The resulting vehicle response is generally similar to a "J’» 
turn of varying degrees of curvature depending on tlie input level. GrapJiic 
displays of the three simulated vehicles at time intervals of O.S seconds 
are shown in Figures 7 and 8 for normalized steer inputs of o » 2 and o • 8 
degrees, respectively, Note that for both steer input levels, the electric 
vehicle configurations attain a greater degree of curvature than does the base 
vehicle. Furthermore, the response of EV configuration ”N" lies between that 
of the base vehicle and configuration "J", As will be shown on later figures, 
all vehicles are generally well be)iaved, exhibiting response behavior well 
within bounds determined from a sample of tlio vehicle population. A tire 
lateral force saturation condition was reach.ed by at least one tire on all 
vohjolcs at th. 0 . « .t«r input. 

.The peak vehicle sideslip angles achieved as a function of normalized 
steer angle are shown in Figure 9. It is interesting to note that, at the 
lower input levels, the base vehicle responds with a lower peak ^sideslip angle 
than do either of the BV’s. However, at the o * 16 steer input, the base 
vehicle achieves a higher sideslip angle than the EV*s. The base vehicle has 
a tendency to spin at tlie limit of cornering performance that is influenced 
by the manner in which the limit condition is achieved. Both EV configurations 
exhibit tendencies toward drift out at tl\e limit. The peak yaw rates shown 
in Figure 10 also show these s^ame tendencies. 

Comparisons of the responses of these three vehicles witl^ performance 
boundaries developed for a broad sample of vehicles in Ref. 7 are shorn in 
Figures 11 through/13, In Figure 11 it is seen that the peak sideslip rate 
for EV configuration *'J" approaches the observed upper boundary at an input 
level of 0 ss 8, but otherwise, the responses for all vehicles are well « 
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NGRHAaZED STEER ANGLE CDES5 

Figure 11 PEAK SiOtSLIP RATE VS. STEER ANGLE FOR 
TRAPEZOIDAL STEER MANEUVER 
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within the bounds. Sijnilarly> the patJi curvature response shown in Figure 12 
indicates response behavior noar the mean of the bounds developed from the 
vehicles sampled in Ref. 1 except near the low end of the input range. Note 
that the test pr^^^ram reported in Ref, 7 did not Include experimental runs 
at 0 » Ir Figure 13 Illustrates the peak vehicle sideslip rate plotted 
against the normalized path curvature ratio for all three simulated vehicles. 
Again, the predicted responses are nicely wi chin the experimental bounds 
indicating that neither the base car nor the two 1;V configurations are un- 
characteristic of the vehicle population in response to this type of steering 
input. 

Predicted responses from the low level trapezoidal steer maneuver 
also result in a number of steady state turning rosponse metrics. These are 
sunmiarized in Table 6 for the base and electric vehicles simulated, Of most 
significance for the purposes of this study is the fact that neither of the 
EV configurations differ inarkedly from the base vehicle in terms of these 
metrics. Both EV's are less understoer than the base car, a fact which is 
reflected^ throughout the values in the table, with configuration "J" being 
somewhat closer to neutral steer than configuration "N". The metrics. for 
all three vehicles are believed to be within "normal" ranges characteristic 
of the current vehicle population. 

Sinusoidal Steer Results 

As described previously, this maneuver results from a steer input 
represented by a single cycle sine wave of period 2.0 seconds and various 
amplitudes. Peak normalized steer inputs of 2® and 8® wore selected for the 
simulations. "Ideal" response is characterized by a lateral displacement of 
12 feet and a final heading parallel to the initial direction of travel. 

o Figures 14 and IS are computer generated graphics which illustrate the 

trajectories pi'edicted by the simulation for the three vehicles St the two 
normalized steer angles used. For the lower steer angle case, all three vehicles 
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TABLE 6 

HVOSM STEADY StATE ANALYSIS' ^RESULTS 




EV 

EV 

■■ o 

BASE CAR 

CONFIG : "J" 

CONFIG. "N" 

LATERAL ACCELf,MTI0N GAIN 
3Ay/Sfi - g/° 

0.1512 

0.1935 

0.1814 

YAW RATE GAIN 
8r/36 sec.-l 

4.868 

6.242 

5.667 


ROLL ANGLE SENSITIVITY 

7.16 

7.10 

7.57 

3(Ji/3Ay ®/g 


O' 


SLIP ANGLE SENSITIVITY 
36/aAy - 7g 

3,72 

4.72 . 

4.00 

YAW RATE RESPONSE TIME 
(90% SS) sec. 

0,386 

0.399 

0.396 


o 


LATERAL ACCELERATION 0.660 0.686^^ 0.673 

RESPONSE TIME - SEC. , .p 

O’ 

UNDEPSTEER FACTOR, “ 3.1 1.7 2.0 

Km deg/g 
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exhibit gonotally good behavior with the final heading essentially parallel 
to the initial direction, Small differences are seen to exist in the path 
offsets attained with the base vehicle achieving the greatest deviation from the 
12' ideal. Conversely, at the larger steer angle (Figure 15), the base car 
achieves the least offset and tends to overcorrect (head back toward the original 
path) slightly. Electric Vehicle configuration "N" achieves a near parallel path 
while configuration "J" undorcorrects, or fails to recover from the first half 
of the sine steer input and continues moviugxaway from the original path, 

Figures 16 and 17 illustrate two rc sponse metrics, lane change 
deviation and peak vehicle sideslip angle as la function of normalized steer 
angle. Note that all three vehicles are well within the response boundaries 
of the current vehicle population (shown as solid lines) as established 
in Ref. 7, ”, 


SUmRY 


The reported study reflects a limited attempt at evaluating alternate 
electric vehicle drive system component layouts with regard to their impact 
on vehicle handling characteristics. The results are intended to supplement 
other aspects of the overall design study with the goal of optimizing component 
layout within anij'existing vehicle structure. It has not been a goal to 
optimize vehicle handling characteristics but rather to insure that selected 
configurations can be reasonably expected to perforin in a manner to which the 
driving population is accustomed, The primary evaluation of handling 
characteristics was therefore based on compaHsons between simulated electric 
vehicles and a simulated ICE base car. 


The results of this study indicate that the two EV configurations 
selected for dyiiamic analysis can be expected to perform in a manner not 
unlike that of the base?''car assuming that appropriate tires are selected 
for use and spring rates are adjusted to accommodate the added weight. 
Furthermore, configuration "N" responds in a manner that is more similar to 
that of the base car than docs configuration "J". 
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Figure 16 LANE CHANGE DEVIATION VS. STEER AMPLITUDE 
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, ! 

Altliough the HVOSM, which was used to simulate the vehicles in this I 

study, has undergone extensive checks of its validity in the past through f 

comparisons of predicted responses to those measured in carefully controlled [ 

testing, certain aspects of its use within this type of study should, at | 

some point, receive additional attention. In particular, much of the detailed 
suspension data that is required is measured under load conditions characteristic 
of a standard ICE vehicle, and is generally measured only in the linear range!. 

Tlie addition of substantial battery weight may result in load conditions which i 

change suspension compliance characteristics, It would therefore be desirable { 

that a limited confirmation of the applicability of such base car data to | 

electric vehicles be undertaken through comparisons with test results. \ i 

I ’ 

i: 

t , 
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HIGHWAY/VEHICLE INTERACTION SIMULATION 


The Illghway/Vehicle Interaction Simulation (HVIS) is aii MGA Research I 

Corporation adaptation of the Higbway-Vehicle-Objcct Simulation Model (HVOSM). j, 

The HVOSM was originally developed for the Federal Highway Administration by r 

Calspan Corporation (Refs. 1 and 2) and other organizations to provide an 

I 

analytical means of studying the interaction between a vehicle and its 
environment. Two versions of the HVOSM were developcd^-one intended for f 

use in evaluating roadside barriers and roadway and/or roadside geometricsj | 

the other intended fcL’??; detailed studies of braking systems and driver behavior. |; 

The HVIS is a modification to the HVOSM which includes detailed suspension [ ! 

characteristic representation (e.g., compliances, ride^steer, steer-steer, etc.) 
that make the model suitable for vehicle dynamics studies. 


The analytical representation of the vehicle (Figure 1) is an assembly 
of three, four, or five rigid bodies (depending on suspension options in use) 
consisting of the sprung mass (chassis and body) and unj^prung masses (the wheels 
and/or a.xlcs) which move relative to the sprung mass, Since the sprung mass 
(Mg in the figure) is assumed to behave as a rigid body, six degrees of freedom 
(X^, Y^, 2^, 0, 0, ij)) are required for its specification. If the independent 
front suspension is in use, the two front wheels (fej, M^) are assumed to move 
vertically with respect to the vehicle body and thus require one degree of free* 
dom each (6j, fi.,). For a solid front axle (Mj), a vei’tical degrec-of-freedom 
(5^) and a rotational!' degree of freedom (0p) are required to describe its position 
and orientation. Similarly, for an independent rear suspension the wheels 
(M-, M^) have a degree of freedom each (6„, 6^) and the solid rear axle (M^) has 
a vertical (6^) and rotational (0^) degree of freedom. The steer angle of the 
front wheels (ijf^) is an optional degree of freedom which may be specified. 

An optional program version includes rotational degrees of freedom 
for the four wheels. Thus, the effects on tire forces of rotational wheel slip 
due to traction or braking can be approximated. The wheel rotational degrees of 
freedom are assumed to be isolated from the coupled differential equations of the 
sprung and unsprung masses but inertial coupling between the pair of drive wheels 
is included. 
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A description of features of the mathematical model appropriate fPr 
simulation of vehicle stability and performance follows. 

Inertial Properties 

Plane OXZ in Figure 1 is assumed to be a plane of mirror symmetry for 
the sprung mass. 

The centers of gravity of independently suspended unsprung masses are 
assumed to coincide with the wheel centers, The wheels are treated as point 
masses, i.e., the fractional contribution of the suspension parts is approximated 
by a simple addition to the wheel mass. 

The centers of ^^avity of solid axle unsprung masses are assumed to 
coincide with the geometric center of the axle. In the treatment of inertial 
coupling between the sprung mass and solid axle unsprairg masses the- axle is 

J appriximatod by a thin rod. 

« 

Suspension Properties 



Camber angles and half track change of independently suspended wheels 
relative to the vehicle are determined by interpolation of a tabular input of 
camber angle and track change as a function of suspension deflection. Camber 
angles are further modified to reflect suspension compliances. 

Steer angles of the front wheels include a number of effects that are 
common in actual automobiles. A reference steer angle is determined at any point 
in time from either the steer equation of motion or a tabular interpolation 
procedure. This reference steer angle is defined as the average front wheel 
steer angle that would exist given a perfectly rigid steering system and no 

vehicle roll. This steer angle is then modified to include effects of Ackerman 

& 

steering geometry, ride-steer, camber-steer and suspension compliances. 
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Rear axle roll steer is treated os a linear function of the angular 
degree of freedom of the rear axle, (see Figure 1). Inertial effects are 
neglected in the steer mode of rear axle motion* Independent rear suspension 
ride-steer is treated as a third order polynomial function of suspension position, 
ond further modified to reflect effects of suspension compliances. 


Anti-pitch effects of suspension geometry are simulated with tabular co« 
efficients as a function of suspension deflection for the front and rear suspensions 
Anti-roll effects (roll center height) may be included as a function of suspen.sion 
ride position and tiro lateral force. 


The simulated suspensions bumper properties include progressively 
stiffening load-deflection rates ond an adjustable amount of energy dissipation. 


Provision has also been incorpoi'oted for unsymmetri cal placement of the jounce 
(compression) and rebound (extension) bumpers with respect to the design positions 


of the wheels. Tiie combined spriiig and bumper forces are culculatsd in th% 


depicted in Figure 2. 



Figure 2 GENERAL FORM OF SIMULATED SUSPENSION BUMPER CHARACTERISTICS 

O' 
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The tissuiflod form of damping is depicted in l*lgur« 3. Velocity 
dopondent damping is provided by a piecewise Unoar fit to known shock absorber 
data transformed to be effective at the wheel. Coulomb friction is also 
included as a component of the total suspension force, 



Provision is made for the entry of auxiliary roll stiffness at both 
the front and the rear suspensions (i-o., roll stiffness in excess of that 
corresponding to the suspension ride rates acting in a roll mode), hTiile the 
anti-roll torsion bar which is frequently included in the independent front 
suspensions of conventional automobile designs constitutes an obvious form 
of auxiliary roll stiffness, it should be noted that torsional effects in the 
leaf springs of a conventional Hotchkiss rear suspension also produce a 
significant amount of auxiliary roll stiffness, as do increasingly common 
rear anti-roll torsion bars, 
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Tire ForceSg^nd Moments 

^ 1 

In correspondence with the general nature of the HVIS, the tire models 
used are designed to handle a complete range of loading conditions, from a 
loss of contact with the ground to a condition of extreme overload, Provision 
is made for up to four different sets of tire data, therefore, each tire on 
the vehicle may have different characteristics at the option of the user, 

o 

The tire coordinate sysj^^m employed is illustrated in Figure 4 
and is consistent with the SAG definitions of tire forces and moments, Two 
tire models arc available, the more detailed considering all variables 
illustrated in' Figure 4, A somewhat simplified tire model is also used when 
wheel spin dynamics are not significant in determining vehicle response 
(i,e., constant speed or longitudinal steady-state events). In this 
simplified model, the rotational velocity of the wheels are neglected as is 
the. rolling resistance moment, 

■ The calculation of tir^e force's and moments begins with the determination 
of the radial force acting on tl^e tire which is based on the geometrical inter- 

, . " D 

ference between the undeformed tire radius and the terrain beneath the tire. 

This radial force is then transformed to the tire normal force knowing the tire 

inclination angle and the previous value of side force. All tire calculations 
IW " j, // 

are then based on the normal force', C^J^ip angle, inclination (camber) angle and 

wheel spin velocity (Or torque if the simplified version is used). 


The tire circumferential force (tractive or braking force) is 
comjf)uted by two methods depending on the tire model u^e. For the detailed 
model, it is based on the- rel,ative slip between the tire tread and ground 
(computed from the rotational velocity of the tire and the tire center lineaj 
velocity along the wheel heading) and an empirical fit to data in the form of 
circumferential force as a function of slip, speed and normal load. In 
the simplified tire model, circumferential force is determined by the input 
value of wheel torque and the instantaneous rolling radius. In either 
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/? 


model, care is taken to limit maximum values to that permitted by available 
tiro/ground friction. 


Tire lateral forces are then computed based on a semi- empirical 
relationship between slip angle, inclination angle, normal load and 
circumferential force. Coefficients required for this relationship are 
derived from tire test results. An example of the resulting tire side 
force us a funqjiion of slip angle and normal force is shown in the carpet 
plot of Figure S, Note that the tire model considers the variation of 
cornering stiffness with normal load and provides saturation of side force 
at high slip angles, i 


The tire model employed makes use.of either “^the "friction circle" 
or the "friction ellipse" concept in establishing the relationship between 
side and circumferential forces, This choice allows the user to employ the 
most cost-effective tire representation consistent vdth the degree-of-detail 
required for any given application, 
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APPENDIX B 


SIMULATED VEHICLE INPUT DATA 



SPRUNG MASS XMS * 5»339 UBtSEC»J|c2/.TN 

FRONT UNSPRUNG MASS XMUF « 0*Z96 LB~SEC)t!3|:ia/IN 

■^EAirtlNGPRONCT-MASS-*-'- — XMUR—w--^ 0T323*i:B*GEC*T|c2/l‘N 

X MOMENT OF INERTIA XIXv. « 3394*000 LB-SECm-IN 

Y MOMENT OF INERTIA XIY « 12839*000 LB“SEC)|e)*;2-IN 

- 2-MOMENT-OF -INERTIA* 

XZ PRODUCT OF INERTIA XIXZ « <57*050 U(-SEC.tJ{!2. IN 

FRONT AXLE MOMENT OF INERTIA XIF « 0*0 NOT USED 

" I^EARnAXUE-MOMENT- OF •* INERTIA =~“i<IR—^ *^ * * * O **0 NOT USED 
GRAVITY G , « 306*400 lN/SEC)|of:2 

_ XI « 0*0 INCHES 

---AOGELUROMETERU.U^OS-Itit)N INCHES 

2:1 * 0.0 INCHES 

^ X2 »• 0*0 INCHES 

“ACCEi:ER0METER‘^-F0SXTltJN“"-“''“*“Y2 *“ ’ » — • -O.U—INCHES-™ 

Z2 « 0*0 INCHES 


FRONT WHEEL X LOCATION 
REAR WHEEL X LOCATION 
FRONTUHEEL” Z~trOCAT'ION - " 
REAR WHEEL Z LOCATION 
FRONT WHEEL TRACK 
“•REAR-WHEEL TRACK ’ * * “ 
FRONT ROLL AXIS 
REAR ROLL AXIS 
FRONT UPRING TRACK * 

REAR SPRING TRACK 
FRONT AUX ROLL STIFFNESS 
*REAR-“AUX ROLI: “STIFFNESS ’ 
REAR ROLL-STEER COEF* 


-REAR-DEFtr^TEER-COEFSl 


A s 

33*540 

INCHES 

D » 

65 ♦ 660 

INCHES 

-yjs ™»s- 

„ -lOrO^n^ 

INCHES* “ • 

ZR « 

9*790 

INCHES 

TF a 

55*400 

INCHES 

TR a 

*““U5r6»00' 

“INCHES- “ 

RHOr a 

0.0 

NOT USED 

RMO a 

0*0 

NOT USED 

TSF a 

0 * 0 

NOT USED 

TS a 

0*0 

NOT USED 

RF a 

88810.00 

LD-IN/RAD 

RR 

101610.00 

i.D-'-IN/RAD 

AKRS a 

0.0 

NOT USED 

AKDS a 

0 , 000 

RADIANS 

lAKDSIa 

OTOOl 

“RfifD/^XN 

AKDSaa 

-0.000 

RAD/IN*>K2 

AKDS3a 

-0.000 

RAD/IN*>K3 
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SUSPENSION DE F LECT ION SUSPENSION DEFLECTION 


riELTAF 

PHIC 

DEL TAR 

PHIRC 

INCHES 

DEGREES 

INCHES 

DEGREES 

^ '4 atf U' 

'lUt 9 ili\J ' 

'^♦■OO-'" 


•~ 2 « 50 

2,30 

“ 2.50 

“ 1.17 

“ 2«00 

2, AO 

“ 2.00 

“ 1.14 

^ ~l-r5rO'-~ 

2 .-^ 0 ''— — 

’ — ‘‘-^vSO — 

„ — ^iViO 

-• 1*00 

2.68 

“ 1.00 

“ 1,06 

• “ 0*50 

2,78 

“ 0.50 

“ 1.03 

"• •'“‘O-.-X) 

• 3. -00 

■ 0.0 

“ 1,00 

0 * 50 

3 * 2 ^ 

0.50 

“0 . 98 

1.00 

3.56 

i .,00 

“0 * 96 

4« 1 

.5 . /C) 

’'~lTSO’*'' “ 



2.00 

• 1,10 

2,00 

“ 0.90 
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ELECTRIC VEHICLE CONFIGURATION "J" 
INPUT DATA 


SPRUNG MASS 

XMS 

Mt 

7.795 

LB-SEC*$2/IN 

FRONT UNSPRUNG MASS 

XMUF 

PJE 

0.396 

LD~SECj|0lC2/IN 

■REARnjNSPRONG THffSS'^ » 

‘ *XMUR 

a. 

0 ?Z23 rD-GEC3in»!2XlN* 

y MOMeNT OF INERTIA 

XIX 

'T 

3S09.000 

LB-SEC#)K2'»IN 

Y MOHCNT OF INERTIA 

XIY 


1Q3G6.000 

LB-SEC)tott2“*IN 

Z T10MENT”0F-rNERTXA™ 

“-XIZ 


10002 .'OOOn,Tr^~T5EC)|C5»f2*-IN“ 
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'V , 

ELECTRIC VEHICLE CONFIGURATION "N" 
INPUT DATA* 



Tire data for eleet1"ic vehicle configuration "N" is the 

same as electric vehicle configuration "J". 

0 <’•' 



SPRUNG MA^S 
FRONT UNSPRUNG MASS 
‘“I^EAtrtlNGPRWNG^MAtrS— 
X MOMENT OF INERTIA 
Y MOMENT OF INERTIA 
Z ‘HOMENT’’aF"’INERTI A 


XMS * 
XMUF •* 
— XMUR — R" 
XIX « 
XIY •« 
'■-iaz-*'*** 


7.79S 
0*39<l> 

36S3!oOO 
a0!512A*000 


LB- 

LB” 

1TB^ 

LB- 

LB” 

1:B- 


SEC)«)»!2/IN 
SEC)»!!»<2/IN 
Ctt2rtN 
SEC)»f»a””lN 
SISC!i{)t:2-IN 
SL’C^ftTlT' IN 
IN 


XZ PROnUCT OF INERTIA 

XI XZ 


“403.000 

LB‘ SFC!K5l^ 

FRONT AXLE MOMENT OF INERTIA 

XI F 

r::. 

0.0 

NOr USEB 

REARt5»XLE” MOMENT -OF-INERTIA 

= xiir 


070 

NUT'-USEB 

GRAVITY 

G 

» 

.306.400 

IN/SEOKH; 


XI 


0.0 

INCHES 

mCELERaMrrER*l'TOSITTt)N~™' 

“Y1 

''*• * 

' ’0'.’0"'*INCHES ‘ 


ZJ 

n: 

0.0 

INCHES 


x:> 


0.0 

INCHES 

ACCEEEROMETER'-aTOSITION 

Y2 


. O.'0“’ 

INCHES" " 

1!,!' 

z:» 

m: 

0.0 

INCHES = 

FRONT WHEEL X LOCATION 

A 

rn 

37 . 020 

INCHES 


REAR WHEEL X LOCATION 
■“FRONT~WMEELr-7. *t:t)CAT 1 ON 
REAR WHEEL Z LOCATION 

front wheel track 


KT 


REAR WHEEL 
FRONT ROLL 


TRACJK 
AXIS 

REAR ROLL AXIS 
FRONT'T3PRIW(T-T'RAC1t-'“"T“ 
REAR SPRING TRACK 
FRONT AUX ROLL STIFFNESS 
■REAR ’AUX“ ROLL STTfrFNESS 
REAR ROLL-STEER Ct^EF, 

REAR“BEFp-$TEER'COEFS. * 


r\. 


B 

■ZF 
ZR 
TF 
TR 
RHDI' 
RHO 
■fs 
TS « 
RF « 
RR K 

AKRS =* 
AKBS ~ 
'AKnSI«‘ 
AK'BSa* 
AKDS3* 


A1.3G0 
^ ''“**9.337 

9.01^ 

SS.^OO 

"SS.AOO 

0.0 

0.0 

0.0 

SOS 10. 00 
lOlFilO.OO 
0.0 

' 0.000 
‘ 0.001 
- 0.000 
- 0.000 


3-ci- •=«3Eia^«»<csvT**"»’ i; 


INCHES 
INCHES“”= 
INCHES 
INCHES 
INCHES 
NOT USES 
NOT USEt) 
“~NOT*USEB 
NOT USEB 
LB-IN/RAB 
L'B-'IN/RAXI 
NOT USEB 
RABIANS 
RAII/IN ■“ 
RAB/IN3j(}*:2 
RAB/IN*)|c3 
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FRONT SUSPENSION . REAR SUSPENSION 
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TIME - feEC : 














liRAfl' STEER silGMA= 



TIME - SEC 







. time: - SEC ; 
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APPENDIX D 


SINUSOIDAL STEER RESPONSE PLOTS 
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TIME> SEC 














S^E gTE5R SIGf^A= 



TIME SEC 
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SP.MASS :X 














TIME h SEC 








TIME - SEC 









TIME ■- SEC 
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